Introduction
▼ Transjugular intrahepatic portosystemic shunt (TIPS) is the therapeutic method of choice to reduce the complications of portal hypertension. Because of its feasibility and low mortality rate, TIPS has become a clinical standard [1 -3]. Some investigators have pointed out that shunt dysfunction occurs in 50 -85 % of patients within the first year of TIPS insertion in patients with bare metal stents [4] . Early TIPS dysfunction (within 30 days) is most commonly caused by thrombosis linked to perioperative trauma and bile leak, while in-stent intimal pseudohyperplasia is a frequent cause of long-term TIPS dysfunction [1, 5, 6] , which can lead to frequent re-interventions in a subgroup of TIPS patients with a long clinical follow-up and TIPS patency. Plain optimal balloon angioplasty (POBA) is an established method for vascular in-stent dilation and functional recovery. Paclitaxel coated balloons (PCB) are used in arteries and dialysis shunts to prospectively inhibit intima proliferation to prevent recurrent stenosis and therefore optimize secondary patency after PTA [7 -10] . This is the first-in-man use of PCB for patients with cirrhotic liver disease and recurrent TIPS in-stent stenoses. In-stent patency after treatment was evaluated as well as the short-term tolerability, the residual drug content of used balloon catheters and sheaths, and systemic venous plasma paclitaxel concentrations.
Materials and Methods

▼ Patients
All patients gave informed consent to this compassionate use of treatment. After TIPS insertions, patients in our hospital are monitored with clinical examination as well as ultrasound and invasive angiographic follow-up examinations every 6 months, according to our hospital standard. This analysis included six patients (3 men, 3 women; mean age: 65 ± 10 years) who were diagnosed with recurrent TIPS dysfunction due to in-stent restenoses. Restenoses occurred during a mean period of 76 ± 32 months (mean: 7 ± 3 restenoses per patient) after implantation of TIPS. All patients had a clinical indication for PTA and were treated between January 2010 and December 2012. The mean TIPS duration between stent insertion and the first uncoated PTA was 18 ± 7 months (• ▶ Table 1) . Following TIPS, all patients underwent angiographic examination at 6-month intervals, according to our in house follow-up protocol, and additional examination if there was a clinical need. Shunt dysfunction was clinically defined as a portosystemic pressure gradient (PPG) exceeding 15 mmHg and in-stent restenosis and/or in-stent lumen narrowing to less than 50 % of the stent diameter combined with new ascites or rebleeding. Mean PPG was determined before and after the interventions. Patients with tumor disease were not treated with PCB. Results of PCB treatment were compared on an intra-patient basis with the results of earlier treatments with uncoated balloons (the latter thus served as controls). Initial TIPS Insertion Initial TIPS insertion was performed under combined fluoroscopic and sonographic guidance in all patients. Six patients received eight initial stents: Luminexx (C.R. Bard, Murray Hill, USA) 10/ 50 mm (n = 1), 10/60 mm (n = 1), and 10/80 mm (n = 1); Memotherm (C.R. Bard, Murray Hill, USA) 10/50 mm (n = 1), 10/60 mm (n = 2), and 10/70 mm (n = 1). In two patients there were two overlapping stents. One patient received a 10/60 mm Viatorr endoprosthesis (W.L. Gore, Flagstaff, USA). In all patients, the underlying liver disease was alcoholic cirrhosis. Individual data are shown in Table 1 .
Procedure Protocol
All invasive interventions were performed under systemic pain medication (5 mg pitriamid) and local anesthesia, according to the hospital standard. After exclusion of any coagulation disorders, a single dose of 5000 IU heparin was administered intravenously before angioplasty.
Conventional Angioplasty in Restenosis
A transjugular, sheath-mediated angioplasty balloon catheter (Passeo-35, Biotronik, Germany; balloon dimensions: 10/40 mm) was placed in the portocaval stent according to the identified stenosis and inflated with a constant pressure of 7 atm that was maintained for 3 minutes. All patients repeatedly received POBA with uncoated balloon catheters before PCB angioplasty for TIPS restenosis.
PCB Angioplasty in Restenosis
Technical insertion of PCB was performed as described for conventional PTA. Paclitaxel was passively transferred into the seg- ment of stenosis during inflation of the PTA balloons (Admiral™, Invatec S.p.A, Italy; balloon dimensions: 10/40 mm). The angioplasty balloons were inflated with a constant pressure of 7 atm that was maintained for 3 minutes.
During the post-procedural hospital stay, all patients were observed and monitored for at least 24 hours after the procedure.
Paclitaxel-Coated Balloon Catheters and Paclitaxel Analysis
The balloon surfaces of sterile PTA balloon catheters were coated with paclitaxel (3 μg/mm²) in a hydrophilic matrix by the hospital pharmacy as described before [11] . After balloon dilation, residual paclitaxel on the balloons and sheaths was analyzed by high-performance liquid chromatography (HPLC). The difference between the pre-and post-interventional amounts of paclitaxel on the balloons was defined as the in vivo dose. Systemic paclitaxel exposure was assessed in venous blood samples before treatment and 0.5, 4, and 24 hours after the intervention. The venous blood samples were analyzed for residual paclitaxel by HPLC. The limit of paclitaxel detection was 5 ng/ml for all samples.
Follow-up Protocol
The standard follow-up protocol after PCB included clinical evaluation and ultrasound imaging as well as invasive pressure monitoring and angiographic imaging every six months during a twoyear follow-up period after single PCB. In any case of recurrence of shunt dysfunction with clinical signs of portal hypertension after PCB, POBA with uncoated balloon catheters was performed. The follow-up endpoint during angiographic examination was the first recurrent need for a further PTA (POBA) after a single PCB-PTA.
In-stent minimal lumen diameter (MLD) at the side of stenosis was measured on a commercially available workstation. The difference in MLD between two successive angiographic examinations was given as late lumen loss (percentage decrease in MLD). In cases where a PTA (POBA or PCB) was performed, the MLD after PTA was taken as the baseline value for the following time interval. Mean late lumen loss (LLL), defined as MLD at the last assessment minus MLD at the following assessment in mm (or the difference in percentage of diameter stenosis) for several time intervals was calculated for each patient. The percentage of angiographic examinations that needed a PTA was calculated for the period before (period of recurrent stenosis following POBA) and after a single paclitaxel PTA. The two percentages were compared with each other.
Statistics
Numerical values are given as means with standard deviations. Statistical analysis was performed by a two-sided Student's t test using Graph Pad Prism 6.0 for Macintosh. Binary and categorical variables such as clinical outcomes were compared using Fisher's exact test. A P value below 0.05 was considered statistically significant.
Results
▼
During a 16-month period (from January 2012 until October 2013), 6 of 48 patients with recurrent re-stenosis and concomitant recurrent ascites were treated with PCB. A mean of 7 ± 3 restenoses treated with POBA per patient (range 1 -9) were observed before considering PCB. The mean TIPS duration between stent insertion and the first POBA was 18 ± 7 months. The mean duration of re-intervention with a POBA was 6 ± 0.4 months. A POBA was indicated for every other angiographic follow-up examination (41 of 77, 53 %). PCB-PTA was performed 76 ± 32 months after TIPS insertion (• ▶ Table 1 ). In-stent stenosis occurred at the proximal (venous) segment in four patients and at the distal (portal) segment of the stent in two patients (• ▶ Fig. 1) . In an intra-individual correlation, late lumen loss was higher after POBA (2.4 ± 1.5 mm/28 ± 18 %) than after PCB-PTA (0.5 ± 0.8 mm/7 ± 11 %, P = 0.029) (• ▶ Fig. 2) . After PTA with a PCB, the percentage of angiographic examinations with the need of PTA decreased to 19 % (3 of 16, P = 0.014) (• ▶ Fig. 3) . In two patients, restenosis was diagnosed after six months. Four of six patients showed no relevant restenosis up to 18 months after PCB PTA, and two of them showed no relevant restenosis after 24 months post intervention. One of these patients received a liver transplantation (not attributable to paclitaxel) after 18 months of follow-up without occurrence of restenosis. One patient with recurrent re-stenosis after PCB was treated with an endograft (stent in stent, Viatorr, 10/60 mm, W.L. Gore, Flagstaff, USA) after 20 months (• ▶ Fig. 4 ). Detailed individual data are presented in• ▶ Table 2 .
Residual paclitaxel on the balloons was 28 ± 9 % of the original 3 μg paclitaxel/mm 2 (0.8 ± 0.3 paclitaxel/mm 2 ) and 0.2 ± 0.1 % of the calculated dose was found in the extracts of the sheaths (0.008 ± 0.003 paclitaxel/mm 2 ). The corresponding mean in vivo paclitaxel dose was 72 ± 9 % of the total dose on the balloons. Paclitaxel levels were below 5 ng/ml in all venous blood samples after treatment. The procedure was well tolerated and no clinical side effects attributable to paclitaxel were observed. 
Discussion
▼
This retrospective analysis investigates the compassionate first-inman use of PCB in the treatment of recurrent TIPS dysfunction due to multiple restenoses in six patients. Our results suggest that secondary patency of TIPS is higher after treatment with paclitaxelcoated balloons compared with uncoated balloon angioplasty. Thromboses and bile leaks were identified as main causes for early TIPS dysfunction. In contrast, one reason for long-term TIPS dysfunction is the unpredictable patency of the shunts due to pseudointimal hyperplasia within the parenchymal tract or within the outflow hepatic vein. Histopathologic investigations of in-stent neolumina in the TIPS tract have revealed the development of an organized in-stent cell layer that is different from the lining of a normal vessel wall. Continuous lining of the inner stent with mature endothelial cells of unknown origin has been reported [12, 13] . Stimulation of pseudointima formation through migration and proliferation of smooth muscle cells in the middle layer [14] , lined by hepatic sinusoidal cells [14] , and increased collagen type I and II secretion by TIPS cells have been found in human specimens of TIPS patients [13] . Proliferation of smooth muscle cells has also been identified as a major cause of TIPS stenosis in an animal model [15] . Another group has described proliferation of myofibroblasts and fibrin within the neolumen [12] . Paclitaxel is known to have an effect on intimal cell proliferation and also inhibits cell migration in a concentration-dependent manner [16] . Therefore, it might have an effect which is not limited directly to the place of application [17] . The artificial connection of two vessel systems with differences in resistance causes turbulences and shear stress, which could play a complementary role in focal pseudointimal hyperplasia. Electron-microscopic findings suggesting that endothelial cell arrangement depends on the direction of blood flow [12] are in line with this hypothesis. Growing knowledge about stent material characteristics and their effects has led to several studies investigating modified stent surfaces customized to avoid shunt dysfunction. The first use of such a modified, polytetrafluoroethylene (PTFE)-covered stent in humans was reported in 1999. Various studies found a better patency rate and clinical outcome compared with conventional bare metal stents [3, 18 -20] . These data are unambiguous; however, restenosis occurs with both types of stent. PTFE-covered endoprostheses show stenoses in the hepatic venous outflow tract and at the junction between the non-covered and covered segments of the stent graft [19, 21] . Venous outflow stenosis is one of the most frequent locations of TIPS stenosis, especially if the stent is not reaching the confluence of the hepatic veins. The outflow hepatic veins can shrink diffusely to half of their diameter after TIPS implantation [4] . In our patients no venous outflow tract stenoses were observed. Additional studies to analyze the effect of local paclitaxel delivery to the hepatic venous outflow tract would be helpful, as paclitaxel proved to show positive effects on stenosis in arteriovenous fistulas compared to POBA [8] . Other strategies to increase TIPS patency in humans include intraluminal (in-stent) brachytherapy [22] and local delivery of motexafin gadolinium [23] . First studies in an animal model showed promising effects of local paclitaxel delivery on pseudointima hyperplasia [24] . Paclitaxel is a lipophilic chemotherapeutic taxane that causes irreversible stabilization of microtubules and thus interrupts the mitosis process. Its cytostatic effects have been shown in some tumor models [25] . Paclitaxel also inhibits the proliferation of smooth muscle cells [26, 27] , which is one cause of in-stent hyperplasia [14, 26] . Lipophilicity of paclitaxel facilitates cell penetration and long residence time, which may underlie its long-term local efficacy [15, 26, 28] . Paclitaxel-mediated intimal hyperplasia inhibition has been reported for human femoroarterial [9, 10] and coronal in-stent stenosis [7] as well as for arteriovenous grafts [8] . The results presented here indicate that local delivery of a single paclitaxel dose can reduce neointimal hyperplasia and thus the secondary patency after PTA. Therefore, paclitaxel-coated balloon PTA may be a novel strategy to improve the outcome after treatment of TIPS in-stent restenoses. We performed a follow-up according to our standardized hospital protocol and our results indicate a long-term effect persisting for at least 18 months after paclitaxel-coated balloon PTA in a setting with frequent restenoses. The positive effect after a single paclitaxel administration is in line with the results of previous studies, which have shown a long persistence of paclitaxel in arterial vessel walls [29] . We found relatively high residual amounts of paclitaxel on our balloons (28 ± 9 % of dose) compared with the use of this type of coating in coronary vessels (about 10 % of dose) [11] , which might be surface dependent. This finding, combined with a negligible proportion on sheaths (0.2 ± 0.1 %) in our study, still suggests successful local administration of paclitaxel. Paclitaxel concentrations in venous blood in the first 4 hours after PTA were below the detection limit of our method (< 5 ng/ml plasma), suggesting systemic venous blood concentrations below 5 ng/ml. Data from the use of paclitaxel in tumor treatment indicate that plasma concentrations greater than 80 ng/ml are required for systemic effects [30] . This finding is consistent with those of a previous study [31] using PCB in the arterial system. Our analysis of paclitaxel-coated balloons in the treatment of TIPS restenosis has several limitations. These include the small number of patients, the lack of blinding of physicians, the participation of only a single hospital, and the lack of a control group due to compassionate use of treatment. Also, this study included mostly patients with bare metal stents and a long follow-up period, which does not match the current day-to-day standard of patients with endoprosthesis. However, these findings may encourage prospective and randomized studies to investigate new options in the prophylaxis and treatment of shunt dysfunction in patients with cirrhotic liver disease.
In conclusion, in our patients with recurrent in-stent stenoses in bare metal stents, a single PTA with paclitaxel-coated balloons (PCB) prolongs secondary patency without a systemic effect of paclitaxel.
